• The random-walk model for indicator dispersion in the central circulation' provides an approximate description of the shapes of indicator dilution curves. Although the model has some conceptual advantages, the approximation is not a precise one. Theoretical curves have been shown to differ from experimental ones in canine heart-lung preparations, the latter having a more pronounced tail than is predicted from a simple random-walk relation.-One cause of tail prolongation could be the slow release of dye from the coronary circulation. In the present study we have confirmed that a minor component of a given dye tail can be accounted for by a coronary contribution, but this is superimposed on a substantial residual tail.
Methods

CORONARY SAMPLING
The present study required cannulation of the coronary sinus, and unless certain precautions are taken, the blood obtained from this site cannot provide a reliable estimate of coronary dye as a whole. Dye returning to the right heart via the sinus represents only a certain fraction of the total label traversing the coronary venous system. Cannulas of the tampon type (such as the classical Morawitz device) are known to occlude vessels entering near the sinus, and may frequently obstruct the small cardiac veins of the right ventricle or the septal vein of the interventricular septum or both. If the internal diameter of the sampling system is too small, the back pressure in the sinus may rise, particularly at higher flow rates. It is known that flow through the ancillary drainage systems including the anterior cardiacveins of the right heart and the Thebesian system Received for publication September 9, 1963. may increase as much as fourfold when the sinus is clamped. 8 It is therefore not surprising, perhaps, that estimates of the fraction of coronary flow through the sinus as low as 48% have been reported. However, under appropriate conditions higher figures in the neighborhood of 65 to 75% may be obtained. It should therefore be possible to investigate the effect of coronary dye by comparing curves for intact coronaries with those obtained by bypassing the dye through a coronary-sinus cannula. The cannula did not employ the tampon principle. It consisted of a 20 mm brass tube of 3.0 mm internal diameter with a 0.5 mm wall thickness, attached to a 38 cm length of equivalent diameter vinyl plastic tubing. It was inserted from the exterior of the heart into the opening of the coronary sinus through a small stab wound in the right atrium and anchored by a single suture that passed through the upper portion of the ventricular septum. This suture, in all acceptable experiments, passed through the ventricular septum without producing cardiac dysrhythmias or occlusion of the septal vein. It emerged at a point in the right atrial wall distal to the opening of the small cardiac veins that empty almost directly into the coronary sinus. Infarction in this area was rarely seen at autopsy indicating that serious obstruction had been avoided.
EXPERIMENTAL PROCEDURES
Details of our methods of treatment of individual samples including centrifugation of blood cells and reading of optical densities of appropriately diluted plasma against suitable blanks have been previously described. 4 Most of the animals were young, small to medium sized dogs which were less frequently infested with D. immitis than older animals. The baseline blood pressure of the supine animal was initially recorded with a strain gauge manometer via femoral artery cannulation about 20 minutes after the animal was anesthetized. Later arterial pressures were expressed as percentage of this base value. Ten initial experiments were performed before our techniques were considered satisfactory. The results, although imperfect, did not differ substantially from those in later experiments.
Heart-lung preparation procedures have pre-
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viously been described. 4 Artificial respiration was administered at 20 to 26 cycles per minute using 95% oxygen and 5% carbon dioxide. The stroke volume was adjusted so that the lungs were about half expanded in maximum inspiration during the surgical procedure. During the dye passes expansion was increased until the lungs approximately filled the open thoracic cavity on inspiration. Any atelectasis secondary to manipulation was readily reversible by one or two full expansions of the lungs. In the present series of experiments the arterial sampling tube was 98 cm long and the venous tube was 118 cm long. Both tubes had an inside diameter of 4.8 mm. The arterial outflow cannula was secured into the brachiocephalic artery with its tip in the aorta which was clamped just distal to the left subclavian artery. The inemal thoracic arteries were ligated as proximally as possible to avoid their normal contribution to the bronchial circulation. The attempt was made wherever possible to obtain four dye passes. When successful, pass A was made with an intact coronary system and no added resistance to the arterial outflow tube. Diastolic pressures ranged from 40 to 60% of the initial femoral values. Pass B was made with intact coronary system and a C-clamp was applied to the arterial outflow tube and slowly closed until the mean aortic pressure approached the normal pressure of the animal without causing the heart to fail. ( > 90% of the initial value.) Pass C was made after cannulation of the coronary sinus, but without increased resistance and the samples were collected from both the arterial outflow cannula and from the coronary sinus cannula. Pass D was made in the same manner as pass C with added resistance to the arterial outflow cannula so that the arterial pressure closely approximated that of pass B.
The dye syringe and injection catheter were filled with T-1824 dyed plasma (approximately 400 mg per cent concentration). The injection catheter had an internal diameter of approximately 3 mm and was attached to the syringe by means of a one-way ball valve that prevented reflux. It was carried through a stab wound in the right eighth intercostal space and secured into the inferior vena cava with its tip protruding into the right atrium about 1 to 3 mm. In earlier experiments the pericardium was left intact until passes A and B were made and then opened when ready for coronary catheterization, but from experiment 20 forward, the pericardium was opened for all passes. During a dye pass the venous blood level was kept constant in the reservoir about 50 cm above the level of the heart. This was accomplished by either raising the reservoir or adding blood. Samples were collected in 40 siliconized tubes arranged numerically on a rotatable disk.
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To obtain better mixing, dye was injected at high velocity by an automatic high-pressure injector (Ensco model CR-2) equipped with a 50 cc syringe that delivered a 2 cc bolus of highly concentrated dyed plasma within 0.05 seconds. The level of the sampling tubes was 40 to 50 cm above the level of the heart in all experiments. This height was empirically chosen and found to maintain a fairly steady mean diastolic aorticpressure without causing high-pressure cardiac failure in the preparations. Total time of collection was determined by stop watch and thus the average collection rate was obtained as the quotient of volume collected over time of collection. Arterial pressure was used as a measure of stability of the preparation.
After some practice the cannula could be inserted into the coronary sinus without serious myocardial anoxia by closing the venous return for about 40 seconds, rotating the apex of the heart cranially, making a small incision in the right atrial wall over the opening of the sinus, and making the insertion under direct vision. The securing suture was 000 silk swedged on an atraumatic half-circle needle. The venous return was opened and, if needed, one or two sutures were taken in the arterial wall around the cannula to aid hemostasis and further stabilize the cannula.
Coronary samples were collected in vials of known mass and weighed on an analytical balance to determine the sample mass. Volume of each coronary sample was determined as the net mass divided by a constant specific gravity of 1.054. The hematocrit of the coronary samples was assumed to be the mean hematocrit of the arterial samples of the same pass. This was calculated as the total cellular volume divided by the total volume of whole blood, multiplied by 0.97 to correct for plasma trapping. Dilution factors were computed from the known volume of diluent and the volume of plasma in the sample as determined from the total volume and hematocrit value.
In one experiment (expt. 24) label was injected directly into the left ventricle through a relatively avascular area using a blunt 14-gauge needle. A small polyethylene tube was secured into the superior vena cava with its tip in the right ventricle. Following injection both before and after cannulating the sinus, a series of samples (approximately 4 cc) was taken from the right atrial cannula. The remainder of this experiment was carried out in the usual manner and two highpressure passes were collected; one before and one after coronary-sinus cannulation. This experiment yielded an approximate estimate of the amount of dye which might return to the right heart through the sinus and through alternate channels.
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DATA PROCESSING
All dye readings and sample volumes were punched on IBM cards and processed by an IBM 1620 computer. Readings were corrected for dilution and cumulative volumes of plasma, red cells, and whole blood were obtained. Calculation of volumes of coronary samples by subtracting vial weights was performed and the correction factors for dilution were calculated and applied. Cumulative volumes halfway through the collection intervals were then calculated. The machine made a logarithmic transformation on the dye readings and performed an exponential extrapolation by fitting a parabola by the least-squares method to the logarithmic data. Exponential constants were then obtained using the slope of the right-hand descending limb of the parabola. The machine then added the area derived from the appropriate exponential curve beyond the last data point as a tail correction factor to the total curve area. Curve areas and first moments about the origin were computed, with and without the tail correction. Because of the interest in the tails of these curves, samples were collected late in time and usually this correction factor was very small, ranging from 0.5 to 2.0%. In each case, from the corrected first moment and area, the center of gravity of the curve (centroid) was also obtained and the system volume was determined from this. Previous work in this laboratory had verified this method for estimating the system volume. 4 Using this value the data were then converted to dimensionless variables, r (the fraction of system volume displaced) and F (T) (the fraction of dye per unit T interval), and punched on cards for further processing.
The above method of tail correction was not always optimum because it tended to effect a compromise of all of the data points before and including the maximum as well as on the downslope. Occasionally exponential constants were estimated to be too high. Also the method did not insure that the exponential tail actually passed through the last point and often it passed significantly below it. Because the tail correction was not invariably small, an improved method for exponential extrapolation was developed. A summarized flow chart is shown in figure 1 .
In the present study small error fluctuations in Y frequently occurred but two successive descending values were rarely seen before the downslope of the curve set in. The program therefore searches the data for three successive descending values of Y which insures that the X value is well beyond the curve maximum. At this point the next four Y values are converted to their logarithms (i.e., Z = log Y) and both a linear and a parabolic least-squares fit of Z versus X are made. A test is made, by conventional Flow chart for computer program to perform exponential downslope fitting. In the first step a statistical methods, (using a table of F ratios stored in the machine) to see if the parabolic fit is significantly better than the linear fit. If not, a new X-Y pair is read and the procedure is repeated using the five points. New points are read and tested sequentially until the parabola is found to be the better fit, indicating that the curve has departed from the linear phase. A linear fit is then made to all but the last data point and this is used in the determination of the parameters for the exponentially extrapolated curve. Comparison of the tails obtained by this method indicated better fits, but because the tail areas were small, the earlier method was still adeuate for the T and F (T) conversion.
In an earlier publication -the iterative method of nonlinear least-squares for fitting random-walk curves to indicator dilution data was described. These fits yielded "best values" of the randomizing constant «. Using a similar program rewritten for the 1620 machine, iterative fits have been performed on all curves found to be satisfactory for analysis. Criteria for selection of data were based on the adequacy of the techniques, collection of a sufficient number of terminal dye samples, minimal parasitism of the animals, and other considerations.
Using the values of the exponential constants from the program described in figure 1 and the randomizing constants from the iterative fits, a computer program was used to calculate the area under the curve tail for values of T from 1.2 to infinity for the experimental data, for the simple random-walk curves as derived from the experimental data, and for the exponentially extrapolated curves. In this way it was possible to compare the quality of fit obtained by the two theoretical relations. Figure 2 shows a representative pair of curves obtained simultaneously from the coronary sinus and from the aorta at high mean aortic pressure (expt. 23C). As observed in many of our other experiments, there was a prolonged tail on the aortic curve with a plateau which suggests a secondary maximum. Because the coronary sinus was cannulated, this cannot be caused by dye entering the right heart via the sinus. In the discussion below we will consider a possible model for estimating the effect of the coronary label on the tail of the aortic curve. Figure 3 shows the same arterial curve (B) compared with a curve obtained in the same preparation at high mean aortic pressure but without cannulation (A). There was a suggestion of a higher tail in the uncannulated case. Results were variable in other experi- CUMULATIVE PIASMAVOLUME.CC
Results
FIGURE 2
Dye curves observed simultaneously in aorta and coronary sinus (upper right 
FIGURE 3
Aortic curves obtained in same preparation at high mean aortic pressure. In the uncannulated preparation, (A) dye level is slightly above that in the cannulated preparation (B). Axes as in figure 2 .
ments but generally in agreement with the expected slight reduction which would be caused by the bypassing of coronary sinus dye. Clearly, however, there was a very substantial tail component remaining after bypass. That the augmentation of the tail by coronary dye was less in the case of low-pressure passes in the same animal was suggested by the curves shown in figure 4 . The area under the low-pressure coronary sinus dye curve (not shown) was approximately one-fourth Same preparation as in figure 3 at low mean aortic pressure. A is uncannulated, B w cannulated.
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F(T)
FIGURE 5
Aortic data in figure 3 
expressed in units of F (T) and T. Smooth curve is a random-walk relation fitted by the method of least-squares.
the area of the high-pressure coronary dye curve. Figure 5 shows a comparison of the curve of expt. 23C with a random-walk curve fitted by the method of least squares. As in previous work the abscissa T is the fraction of system volume displaced. Similar to observations in other experiments there is a fairly good agreement between the earlier portions of the two curves but a highly significant elevation of the tail of the experimental curve above the theoretical relation. We hesitate to attribute significance to the lower value 0.38 of K obtained in this fit than in earlier experiments.-VVith improved access to computer facilities 1 \ / \ / " * / * \ 1
FIGURE 6
Aortic data in figure 5 (dashed curve) compared to a fitted exponential downslope (solid curve).
it was possible to compare three-parameter fits obtained by constraining the horizontal scale factor to the value of unity as in the present case or by requiring a zero horizontal shift, or by removing some of the terminal points on the curve. These various maneuvers produced different fits whose sums of squares were not often particularly greater than the "best fit" obtained in the first case. The high Areas were computed for T > 1.2 for experimental data, for fitted random-walk curves, and for exponentially extrapolated curves. peak on the experimental curve has been noted in some other instances but generally it is less than in the present extreme situation.
Although the simple random-walk curve is far below the tail of the experimental curve an exponentially fitted curve provides an improved fit ( fig. 6 ).
Since the effects we are concerned with are generally small and because of the presence of experimental variation, we have determined the areas under the tails of the experimental, random-walk, and exponential curves beyond T = 1.2. These areas provide a useful objective measure of the magnitude of the tails. Comparison of the results is made in table 1. Although we have eliminated the results of a few less satisfactory earlier experiments they were not in conflict with the data presented in table 1. Table 2 shows the results of a comparison of the experimental tails in our last two sets of experiments in each of which four passes were obtained on the same animal under our best conditions. Column 2 contains the tail areas for intact coronaries at high pressure, columns 3 through 5 are for intact at low pressure and for the cannulated preparation at high and at low pressure respectively. In this small series the values of the means descend progressively, in agreement with the hypothe-sis that some coronary elevation of the tail of the curve should occur and that it is higher with elevated mean aortic pressure.
Results of expt. 24 in which dye was injected into the left ventricle with right heart sampling are presented in table 3. The coronary sinus was intact in 24A and cannulated in 24B. In this one experiment there was an 88!? decrease in mean optical density of right ventricular samples when coronary sinus blood was diverted by cannulation.
Discussion
DOWNSLOPE OF THE SINGLE-PASS CURVE
The experimental curves all showed the usual rapid rise to a single maximum followed by a slower descent along the quasi-exponential downslope to the critical T value of 1.2 where a frequent prolongation appeared. A slight secondary bump occurred only in one or two early curves and did not appear after our final technique was perfected. With or without the bump, the prolongation of the tails of the curves in the perfected series occurs in the cannulated group as well as the uncannulated. In this final series, high-pressure injection through a ball valve was used. We were careful to place the tip of the dye injection cannula about 1 to 3 mm into the right atrium and secure into position in the inferior vena cava, then check the position at the end of the experiment. Perhaps this is why the results are more uniform without an obvious secondary bump.
In considering the finer details of the dye curves it is also necessary to recall the effect of the finite volume of the sampling tube. In earlier experiments, where the tailing effect was also seen, 2 the sampling tube was of small diameter. In the present experiments a tube of relatively large diameter was necessary to insure sampling at low arterial pressure in the A and C passes. The volume of the tube was 18 cc which in smaller dogs represents a significant fraction of the volume of the system being sampled. Even in the usual case where the centroidal volume of the system is about 100 cc (figs. 2-4) one may expect a horizontal displacement of the curve by approximately 18 cc with a certain amount of smearing out of detail. As previously shown however, 5 since mean dye flux rather than mean concentration is being determined at the outflow the predominant effect is horizontal displacement rather than smearing of the curve.
TAIL AREAS IN EXPERIMENTAL DATA
As previously found 2 and also as shown in figure 5 the simple random-walk relation does not satisfactorily fit the downslope. The exponential extrapolation provided a better fit ( fig. 6 ) but occasionally points fell above the experimental curve. These conclusions are also demonstrated by determining the differences between the areas of the experimental tails and the two theoretical relations beyond T values of 1.2. The mean areas are given at the bottom of table 1. Experimental areas are higher than exponential areas which, in turn exceed the areas under the random-walk tails. All differences are highly significant.
The areas in table 2 were in the order expected if high mean arterial pressure produces increased dye contribution to the tail of the curve and if cannulation decreases the contribution. Interpretation of the results is complicated by the statistical interaction effect produced by the abnormally low value for the high pressure data of the cannulated pass in expt. 22. However, in the intact case the mean difference between the high and low pressure results is 0.0135 ± 0.0025 and is significantly different from zero.
CORONARY FLOW
These experiments were not intended to represent a precise study of coronary flow in the dog. However the flow values were not in conflict with others obtained in canine heartlung preparations. 3 ' ° The flow from the sinus varied between 1.9 and 9% of the total cardiac output with a mean of 4.8%, and showed an approximate linear dependence on mean aortic pressure. About 1.4 to 11.6% of the dye injected was recovered in the coronary sinus samples. The mean recovery was 4.4% and individual dye fractions were in fair agreement with individual flow partitions. Mean coronary sinus flow was 15.33 cc/min for the low pressure experiments and 29.9 cc/min for those at high pressure.
In expt. 24 under optimum comparative experimental conditions the average optical density of the right ventricular samples in pass B was only 11% of the density in pass A obtained before cannulation of the sinus. It would seem from this one result at least, that the coronary sinus flow may at times carry more than 70% of total coronary venous blood. However, to be valid this would have to be checked in a much larger series. The 70% figure is in accord with the results of others and using it we estimate coronary flow in our preparations to vary from 2.7 to 13% of the total cardiac output. This should also be the proportion of dye contributed to the tail area of the first-pass curves.
CORONARY CIRCULATION VERSUS RECIRCULATION OF DYE
Following the considerations outlined in an earlier paper, 4 consider a curve of dye concentration, C(t), versus time, t. If we multiply C(t) by the flow rate Q, we, in effect, apply a scale factor to convert abscissal units from time to units of volume passing the point of observation. Assuming uniform lateral mixing at this point, the area under a curve of concentration versus volume simply represents the amount of dye passing the observer. If all injected dye is collected we may equate the collected amount to the amount injected and solve for Q, but only if no dye is seen more than once. 7 If the point of observation is beyond the coronary ostia, the observer is outside of the coronary loop. Dye may traverse the coronaries repeatedly or not at all and the same Q will result, since total area will be the same in each case irrespective of possible differences in curve shape. The fact that essentially the same C (t) may be observed either just within the loop or just beyond presents no real paradox. Any C(t) observed within the coronary dye loop cannot yield the true volume passing the observation site unless the data are corrected for recirculating label. Of course, if any portion of the area under the dye curve could be attributed to multiple passages of label, this could be subtracted yielding the total cardiac output including coronary flow.
In order to obtain a working picture of the expected effect that dye traversing the coronary circuit might have on the tail of a firstpass curve, we might assume that the tail might be augmented by the amount of dye passing through the central circulation twice. If only 5 to 10% of dye makes one extra pass, then 1% or less will make more than one. The assumption is also made that the smearing effect of one pass through the heart, lungs, and coronaries is adequately described by the dye curve observed in the coronary sinus. We may conveniently assign a small fraction of the entire central volume on the first pass to that blood which is destined to return to the right heart via the coronaries. In the present case the estimate of the magnitude of this fraction was obtained from the average of the mean ratio of coronary sinus outflow to aortic outflow and mean ratio of dye partition between the two outflows in all of the experiments. This yielded 0.046 and, taking a conservative figure of 60% for the sinus fraction of coronary blood, we may estimate approximately 7.7% for the overall coronary fraction. Since the mean value of the central volume for all experiments was 97 cc, the appropriate "coronary subvolume" was approximately 7.5 cc. This is the estimated volume of blood in Circulation Research, Volume XIV, March 1964 the heart and lungs which is traversed by recirculating label.
The mean of the centroidal volumes for all coronary outflow curves was 8.7 cc and this was likewise multiplied by 1/0.6 yielding 14.5 cc, which represents the estimated equivalent volume through which the coronary dye passed from its point of injection in the right atrium through the 7.5 cc subvolume in the heart and lungs and through the volume of the coronaries, finally emerging at the coronary sinus. The effect, then, on the aortic dye curve would be to add to the primary curve a dye distribution obtained as the convolution between the dye curve for the first central and coronary passage and a curve for a second passage through the central subvolume on its way to the final aortic observation point. The volume V 2 for the first trip would be 14.5 cc and the volume V L for the second would be 7.5 cc. The ratio a of these two volumes is 1.94 and is subject to all of the uncertainties of the data from which it is estimated.
The randomizing constant « is equally uncertain in the case of the dye curves for the coronary samples. It is difficult to obtain stable least-squares fits when only a few points on the curves can be obtained. However, there were two experiments with 20 samples and the two values of K, namely 0.26 and 0.73, yielded a mean value of 0.5 which was taken as the K for the first random-walk through V 2 . A similar value was used for the second trip through Vi. It was shown previously 3 that when dye is carried successively through two systems of volume V 2 and Vj, the emerging distribution is given as a convolution of the distributions for the individual systems. In the present case if the constituent distributions are random-walks, and if r is the fraction of the volume V! displaced, we have for the concentration at the serial outflow,
C, ( T ) = -
RW(r)RW[(r.t)/a]dt
The factor k represents the fraction 0.077 of the cardiac output passing through the coronaries, and the area under the C 2 (T) curve represents this fraction of the area under the total dye curve. The result of computing C-2(T) and adding it to the mean curve is shown in figure 7B . We cannot conclude that this model provides an adequate expression of the downslope.
It has been shown s that under some conditions two parallel random-walks can approximate a single random-walk curve. We have attempted to fit the curve of a selected experiment with two random-walks in parallel. The relation which gave the best fit was
The fit is seen in figure 7A to provide a better agreement in the region of the tail of the curve than a single random-walk curve. Nevertheless, the fit is still not very good and it was obtained with an entirely unrealistic shift of the second random-walk component curve to the right.
If we compare the experimental tail area of 0.222 in the intact high pressure case with the mean value of 0.188 for the cannulated low pressure experiments, there is a difference in F (r) of about 3%, which is less than half the expected coronary flow in the canine heart-lung preparation, but the required precision for a proper comparison is probably greater than may be achieved by our present techniques. Figure 7B provides some estimate of the nature of the broad and diffuse distribution of dye which might be expected from the coronary effect.
Our results again emphasize the rather good average agreement between exponentially extrapolated downslopes and experimental data. The mean of the exponential areas was less than the mean of the experimental areas by only 4.5% (table 1) . We are reluctant to accept deviations from the exponentially extrapolated tail as being primarily the result of the coronary label and cannot accept on the basis of present evidence the validity of making an early extrapolation and using this for the calculation of total cardiac output. Empirically, however, in our artificial system the use of exponential extrapolation for cardiac output calculations would tend to bias the results upward slightly and the values might tend to be higher than those which are classically thought not to include the coronary flow.
Summary
In a series of canine heart-lung preparations, single-pass indicator dilution curves were obtained with and without cannulation of the coronary sinus. Further evidence was obtained that the tails of the curves are significantly elevated above the tails predicted from the simple one-dimensional random-walk relation.
To provide estimates of the contributions which dye circulating through the coronaries might make to the tails, curves were obtained in the same preparation with and without cannulation, and at high and low mean arterial pressure. A method was developed for cannulation which permitted sampling through
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an exterior low-resistance cannula system which was secured in the coronary sinus without producing serious obstruction of the coronary sinus tributaries or interference with the conduction system.
Although the classical exponential downslope gave better agreement than the randomwalk relation, the experimental curves were frequently elevated and prolonged when compared to the exponential curve. The difference in area amounted to approximately 4.5%. In experiments at high mean arterial pressure without bypass of coronary dye the tail was significantly higher on the average by 3% compared to the tail in the same preparation with bypass at low pressure. Estimating that 60 to 70% of coronary dye would be successfully bypassed, the total coronary contribution to the tail of 4 to 5% of dye on the average is not sufficient to account for the excess of experimental tails over random-walk curves.
